A structure-function analysis of the influenza A virus M2 ion channel protein was performed. The M2 protein of human influenza virus A/Udorn/72 and mutants containing changes on one face of the putative a helix of the M2 transmembrane (TM) domain, several of which lead to amantadine resistance when found in virus, were expressed in oocytes of Xenopus laevis. The membrane currents of oocytes expressing mutant M2 ion channels were measured at both normal and low pH, and the amantadine-resistant mutant containing the change of alanine at residue 30 to threonine was found to have a significantly attenuated low pH activation response. The specific activity of the channel current of the amantadine-resistant mutants was investigated by measuring the membrane current of individual oocytes followed by quantification of the amount of M2 protein expressed in these single oocytes by immunoblotting analysis. The data indicate that changing residues on this face of the putative a helix of the M2 TM domain alters properties of the M2 ion channel. Some of the M2 proteins containing changes in the TM domain were found to be modified by addition of an N-linked carbohydrate chain at an asparagine residue that is membrane proximal and which is not modified in the wild-type M2 protein. These N-linked carbohydrate chains were further modified by addition of polylactosaminoglycan. A glycosylated M2 mutant protein (M2+V, A30T) exhibited an ion channel activity with a voltage-activated, timedependent kinetic component. Prevention of carbohydrate addition did not affect the altered channel activity. The ability of the M2 protein to tolerate deletions in the TM domain was examined by expressing three mutants (del29-31, del28..31, and del27.31) containing deletions of three, four, and five residues in the TM domain. No ion channel activity was detected from expression of M2 del29.31 and del27-31, whereas expression of M2 de28_3, resulted in an ion channel activity that was activated by hyperpolarization (and not low pH) and was resistant to amantadine block. Examination of the oligomeric form of M2 del28.31 indicated that the oligomer is different from wild-type M2, and the data were consistent with M2 del283, forming a pentamer.
A structure-function analysis of the influenza A virus M2 ion channel protein was performed. The M2 protein of human influenza virus A/Udorn/72 and mutants containing changes on one face of the putative a helix of the M2 transmembrane (TM) domain, several of which lead to amantadine resistance when found in virus, were expressed in oocytes of Xenopus laevis. The membrane currents of oocytes expressing mutant M2 ion channels were measured at both normal and low pH, and the amantadine-resistant mutant containing the change of alanine at residue 30 to threonine was found to have a significantly attenuated low pH activation response. The specific activity of the channel current of the amantadine-resistant mutants was investigated by measuring the membrane current of individual oocytes followed by quantification of the amount of M2 protein expressed in these single oocytes by immunoblotting analysis. The data indicate that changing residues on this face of the putative a helix of the M2 TM domain alters properties of the M2 ion channel. Some of the M2 proteins containing changes in the TM domain were found to be modified by addition of an N-linked carbohydrate chain at an asparagine residue that is membrane proximal and which is not modified in the wild-type M2 protein.
These N-linked carbohydrate chains were further modified by addition of polylactosaminoglycan. A glycosylated M2 mutant protein (M2+V, A30T) exhibited an ion channel activity with a voltage-activated, timedependent kinetic component. Prevention of carbohydrate addition did not affect the altered channel activity. The ability of the M2 protein to tolerate deletions in the TM domain was examined by expressing three mutants (del29-31, del28..31, and del27.31) containing deletions of three, four, and five residues in the TM domain. No ion channel activity was detected from expression of M2 del29.31 and del27-31, whereas expression of M2 de28_3, resulted in an ion channel activity that was activated by hyperpolarization (and not low pH) and was resistant to amantadine block. Examination of the oligomeric form of M2 del28.31 indicated that the oligomer is different from wild-type M2, and the data were consistent with M2 del283, forming a pentamer.
The influenza A virus M2 protein is a small (97-amino-acid residue) transmembrane (TM) protein which is encoded by a spliced mRNA derived from genomic RNA segment 7 (20, 23) . While the M, protein is abundantly expressed at the plasma membrane of virus-infected cells, it is a comparatively minor component of virions (24, 44) . The M2 protein contains three domains: a 24-residue N-terminal extracellular domain, a 19-residue signal anchor TM domain, and a 54-residue cytoplasmic tail (16, 24) . Minimally, the M2 protein forms a homotetramer composed of a pair of disulfide-linked dimers or a disulfide-linked tetramer, with the disulfide bonds acting to stabilize the oligomer (15, 38) .
The M2 protein has been proposed to function as an ion channel that permits ions to enter endocytosed virions and to function as a modulator of pH in intracellular compartments (11, 38) . Direct evidence that the M2 protein has ion channel activity was obtained by expressing the M2 protein in oocytes of Xenopus laevis and measuring membrane currents (32) . The M, ion channel activity was found to be blocked by the anti-influenza virus drug amantadine hydrochloride, thereby providing direct evidence for the mechanism of action for the drug (32) . Influenza virus mutants resistant to amantadine contain amino acid changes in the M, protein TM domain (12) , and when the altered M2 proteins were expressed in oocytes, they exhibited ion channel activities that were not affected by the drug (32) . The M, ion channel was found to be permeable to Na+ ions, and it is likely that this monovalent cation conductance also extends to protons (32) . Specific changes in the M, protein TM domain altered the kinetics and ion selectivity of the channel, providing strong evidence that the M, TM domain constitutes the pore of the channel (32) . This notion is supported by the finding that when a peptide corresponding to the M2 protein TM domain was incorporated into planar membranes, a proton translocation susceptible to block by amantadine could be detected (5) . The M, ion channel activity was found to be regulated by changes in pH (32, 41) , with the channel being activated at the lowered pH found intralumenally in endosomes and the trans Golgi network.
In the life cycle of influenza virus, the M2 protein ion channel activity is thought to function at an early stage between the steps of virus penetration and uncoating. It is generally believed that once the virion particle has been endocytosed, the virion-associated ion channel permits the flow of ions from the endosome into the virion interior to disrupt proteinprotein interactions and release the ribonucleoprotein structure from the membrane (matrix) (MI) protein (reviewed in reference 14). In addition, for some strains of influenza virus which have a hemagglutinin (HA) that is cleaved intracellularly and a high pH optimum of fusion (e.g., fowl plague virus [FPV] Rostock), the M, ion channel is thought to function in the trans Golgi network to modulate pH such that it remains above the threshold needed to induce the acid pH transition of HA (2, 3, 9, 10, 28, 37, 39 
MATERIALS AND METHODS
Site-specific mutagenesis, construction of recombinant plasmids, and in vitro RNA synthesis. The cDNA to influenza virus A/Udorn/72 mRNA (16, 45) was cloned either into the BamHI site of the replicative form of M13mpl9 and used as a template DNA for site-specific mutagenesis (15) or into the BamHI site of pGEM3Zf(+) and used as a template for phagemid-based mutagenesis (31) . Oligonucleotides were synthesized by the Northwestern University Biotechnology Facility on a DNA synthesizer (model 380B; Applied Biosystems, Inc., Foster City, Calif.). Mutant cDNAs encoding the altered M2 genes were excised from the replicative form of M13 by BamHI digestion and subcloned into the BamHI site of a pGEM3 vector such that mRNA sense transcripts could be generated by using the bacteriophage T7 RNA polymerase promoter and T7 polymerase. The nucleotide sequences of the altered cDNAs in both the pGEM3 vector and pGEM3Zf(+) phagemid vector were confirmed by dideoxynucleotide chain-terminating sequencing (34) . For in vitro transcription, plasmid DNAs were linearized downstream of the T7 promoter and the M2 cDNA with XbaI. In vitro synthesis and quantitation of 7mG(5')ppp(5')G-capped mRNA was carried out as described previously (32) .
Microinjection and culture of oocytes. Ovarian lobules from X laevis females (Nasco, Fort Atkinson, Wis.) were surgically removed and treated with collagenase B (2 mg/ml; Boehringer Mannheim Biochemicals, Indianapolis, Ind.) (32) . Selected oocytes (stages V and VI) were injected with 50 nl of RNA (1.0 jig/plA) by using a 20-jim-diameter glass pipette, and oocytes were maintained in ND96 (32) Inc., Palo Alto, Calif.). Lysates were layered onto an 11-ml continuous 5 to 15% (wt/vol) sucrose gradient in MNT buffer-0.1% Triton X-100 that overlaid a 0.75-ml 60% sucrose cushion. Sedimentation was done in an SW41 rotor (Beckman) at 38,000 rpm at 20°C for 24 h. Twenty-four 0.5-ml fractions were collected dropwise from the bottom of the tube, diluted in RIPA buffer, and immunoprecipitated as described above. Indirect immunofluorescence microscopy. Oocytes were injected with M2 mRNAs and incubated for 48 to 72 h at 17°C as described above. Oocytes were frozen by plunging into isopentane cooled to -170°C over liquid nitrogen and then embedded, and 10-p.m sections were cut on a cryostat (Bright Instrument Co., Huntingdon, England) at -22°C. Sections were collected on gelatin-coated slides and air dried. Dried sections were fixed in 1 % formaldehyde and stained with antibody (44) . Fixed sections were stained with M2-specific 14C2 ascites fluid (diluted 1:300 in PBS-1 % bovine serum albumin) and incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse secondary antibody. Photomicroscopy was performed by using a Nikon Microphot-FXA microscope (Nikon, Inc., Melville, N.Y.). All photographic exposure times were equivalent.
Electrophysiological recordings. Whole-cell currents were recorded from oocytes 49 to 72 h after mRNA injection with a two-electrode voltage clamp apparatus (32) . Amantadine hydrochloride (10 mM stock in water; Sigma Chemical Co., St. Louis, Mo.) was diluted as indicated.
RESULTS
Expression in oocytes of mutant M2 proteins with changes on one face of the putative a-helical TM domain. If the M2 protein TM domain is modeled as an ox helix, M2 protein residues V-27, A-30, S-31, G-34, L-38, and W-41 lie on the same face of the ox helix, and mutations at residues V-27, A-30, S-31, G-34, and L-38 lead to ion channels with altered activity and altered susceptibility to amantadine (9, 32, 41) . To begin a structure function analysis of the residues in the human influenza virus (A/Udorn/72) M, protein TM domain, the pH activation response of the amantadine-resistant mutants V27A, V27S, A30T, S31N (32) was tested, and the amantadine sensitivity and pH activation of additional mutations in the Udorn M2 protein containing the changes V27T, A30P, and G34E, and W41A ( Fig. IA) were examined. The changes 127S, 127T, 127A, V27A, V27D, A30E, A30P, S31N, and G34E have been found to arise naturally in amantadine-resistant viruses of avian influenza viruses, FPV strains Rostock (A/chicken/Germany/34) and Weybridge (A/chicken/Germany/27) (9, 12) . The changes V27T and V27S in Udorn M2 protein are artificial, but as the changes 127T, 127S, and V27A are found naturally (see above), it was of interest to begin to examine the plasticity of the channel structure at this residue. We also changed the tyrosine 41 residue (mutant W41A) on this face of the putative x helix of the M, protein TM domain because aromatic residues in the channel pore are thought to play an important role in K+ channel conductances (13, 18 (-30 to 50 kDa) could be observed. As discussed below, these additional M2-specific species are due to a modification of M, molecules by the addition of N-linked carbohydrate chains and their subsequent modification with polylactosaminoglycan. Under nonreducing conditions, the mutants were found to form a mixture of disulfide-linked dimers (-30 kDa) and disulfide-linked tetramers (-60 kDa) (Fig. IC) .
From extensive studies, particularly of viral integral membrane proteins, the concept has emerged that correct folding and oligomerization of membrane proteins is a prerequisite for transport through the exocytotic pathway. Molecules which are malfolded are blocked in transport in the endoplasmic reticulum (reviewed in reference 4). Therefore, it was necessary to establish whether the altered M2 proteins were expressed at the plasma membrane of oocytes, as failure of a channel polypeptide to be transported to the plasma membrane would yield a phenotype indistinguishable from that of a molecule expressed at the cell surface that lacked ion channel activity. Frozen sections of oocytes expressing M2 V27T, A30P, and G34E were stained with an M2 ectodomain-specific monoclonal antibody and FITC-labeled secondary antibody, and a characteristic surface staining pattern was observed ( Fig. 2) , indicating proper transport to the oocyte plasma membrane. The surface expression of the wt M2 protein and the other mutants indicated in Fig. 1 has been shown previously (32) .
Amantadine block and pH activation of M2 protein ion channel activity. To determine the amantadine sensitivity and pH activation of altered M2 proteins expressed in oocytes of X. laevis, a two-electrode voltage clamp procedure was used, and total membrane currents were measured. The currents were studied by holding the membrane voltage at -40 mV and hyperpolarizing the membrane with step voltage clamp pulses from -130 to -60 mV. The peak amplitudes of inward current following an activating voltage of -130 mV in normal Barth's solution at pH 7.5 and 6.2 are shown in Table 1 . For all measurements described herein, the small endogenous current exhibited by control oocytes injected with antisense RNA was subtracted from the measured current to yield the current reported. Although oocytes expressing both the wt and mutant M, proteins had only small membrane currents at neutral pH, the current amplitude increased an average of eightfold when the current was measured at pH 6.2. We noted that oocytes expressing one mutant polypeptide, M2 A30P, had essentially no current at either pH 7.5 or pH 6.2, suggesting this protein does not have functional ion channel activity. When oocytes were bathed in Barth's solution containing 100 ,uM amantadine at pH 7.5, the current of oocytes expressing the wt M2 protein was attenuated, whereas the currents of oocytes expressing M2 V27A, V27S, A30T, S3 1N, and G34E were resistant to the drug (data not shown). Similarly, following activation at pH 6.2, the current of oocytes expressing the wt M2 protein was still sensitive to amantadine, whereas the 
: , ' Z f : . , E ' 0 / : . current associated with expression of M2 V27A, V27S, A30T, S31N, and G34E remained resistant to the drug (Table 1) . For the Udorn M2 protein, the change V27S leads to amantadine resistance, whereas the mutant containing the change V27T was sensitive to amantadine at both pH 7.5 and pH 6.2 (Table  1) . When the pH sensitivities of the membrane currents of oocytes expressing the wt and mutant M2 proteins were compared over the pH range from 7.5 to 5.4, it was found that mutants M2 V27A, V27S, V27T, and S31N had similar slopes of pH activation (Fig. 3) exhibited different levels of whole-cell currents. This could reflect an intrinsic property of the channel per se or a variation in expression levels between oocytes. To distinguish between these possibilities, the peak amplitude of inward current of individual oocytes was measured following an activating voltage of -130 mV in Barth's solution (pH 6.2). The oocyte was then lysed, and the amount of M2 protein that had accumu- Fig. 4 . Mutants V27A, V27S, V27T, and G34E had an increased specific activity (0.41 to 0.47 ,uA/ng of M2 protein) compared with wt M2 (0.16 jxA/ng). S31N was similar to wt M2 (0.14 ,uA/ng), A3OT had a greatly reduced but detectable activity (0.06 ,uA/ng), and A30P had virtually no activity (0.02 ,uA/ng).
Analysis of altered M2 proteins that are modified by addition of N-linked carbohydrate. When an altered protein, M2+V, A30T, that contains an addition of a valine residue between M2 residues 26 and 29 in addition to the change A30T, was expressed in oocytes, it was found on SDS-PAGE analysis that in addition to the M2 (-15-kDa) band, an additional band (M2g; -18 kDa) and heterogeneously migrating species (M2p; -30 to 50 kDa) could be detected (32) (Fig.   SB) . When the ion channel activity of M2+V, A30T was examined, it was found to have altered kinetic and voltagedependent activation properties (32) . We were interested in investigating whether the altered mobilities of the additional species on SDS-PAGE were due to the addition of N-linked carbohydrate and also the possible role of carbohydrate addition in the altered ion channel activity of M2+V, A30T.
Oocytes were coinjected with RNA encoding M2+V, A30T
and tunicamycin, the inhibitor of N-linked carbohydrate addition, and when polypeptides were examined on SDS-PAGE, only the 15-kDa unglycosylated band was detected (Fig. SB) .
The heterogeneously migrating M2p species was reminiscent of the pattern observed for modification of the carbohydrate chains of the NB glycoprotein of influenza B virus by addition of polylactosaminoglycan (42, 43) . Thus, oocyte lysates expressing M2+V, A30T were digested with endo-f-galactosidase, which specifically digests polylactosaminoglycan. As shown in Fig. SB , the heterogeneously migrating material was no longer observed, and concomitantly, there was an increase in the amount of the M2g species. In addition, some species migrating slightly more slowly than M2g were observed which probably represent trianternary and tetra-antenary cores with lactosaminyl chains not completely digested by endo-,B-galactosidase. Thus, these data indicate that some of the M2+V, A30T molecules are modified by addition of N-linked carbohydrate chains (species M2g), and these chains are further modified by addition of polylactosaminoglycan (species M2p).
Wild-type M2 protein contains a potential site for the addition of N-linked carbohydrate (NDS; residues 20 to 22) which is not used in wt M2 protein (24, 45) . To provide evidence that this consensus sequence site is used for carbohydrate addition in M2+V, A3OT, two independent mutations, N20S and S22A, were introduced into the M2+V, A30T molecule, each of which would be expected to abolish N-linked carbohydrate addition. As shown in Fig. SB , when the molecules M2+V, A30T-N20S and M2+V, A30T-S22A were expressed in oocytes, only the unglycosylated M2 species (-15 kDa) was detected, indicating that the asparagine at M2 residue 20 can be modified by addition of carbohydrate. To investigate whether the addition of a valine residue alone promoted the addition of N-linked carbohydrate, the mutant M2-INS-V (valine added between residues 26 and 29) was expressed in oocytes. As shown in Fig. 5B , no evidence of a glycosylated M2-INS-V species was found. When M2 A30P was expressed, a mixture of unglycosylated M2, M2g, and M2p was observed ( Fig. 1B and 5B). Addition of a valine residue between residues 26 and 29 into A30P increased the ratio of glycosylated to unglycosylated species (Fig. 5B) . Taken together, these data suggest that perturbations to the M2 TM domain make the site accessible to oligosaccharyltransferase for N-linked carbohydrate addition.
Ion channel activity of glycosylated and unglycosylated M2 proteins. Oocytes expressing the glycosylated M2+V, A30T protein exhibited an ion channel activity that is resistant to block by amantadine, is voltage activated, and has two kinetic components: one which appears immediately after the application of the hyperpolarizing voltage and a second which increases with time (32) (Fig. 6 ). Thus, it was possible to test whether glycosylation provided an explanation for the different properties of M2+V, A3OT channel activity from wt M2. Oocytes expressing the mutants M2+V, A30T; M2+V, A30T-N20S; M2+V, A30T-S22A; M2-INS-V; M2-A30P; and M2+V, A30P, when examined by immunochemistry, exhibited bright plasma membrane staining for M2 protein (data not shown), indicating transport of the proteins to the plasma membrane. When the ion channel activities of glycosylated M2+V, A30T and unglycosylated M2+V, A30T-N20S and M2+V, A30T-S22A were tested by using an activation voltage of either -130 or -140 mV, all three proteins exhibited similar time-dependent voltage-activated currents that had two kinetic components ( Fig. 6 ; only the profile of M2+V, A30T is shown). The peak amplitudes of the inward currents from all three proteins were similar following an activation voltage pulse of -130 mV (Fig. 6) . Thus, these data suggest that the addition of N-linked carbohydrate to M2+V, A30T does not play a role in the formation of the altered ion channel activity. Interestingly, M2-INS-V when expressed in oocytes did not exhibit voltageactivated ion channel activity but rather exhibited a timeindependent, amantadine-sensitive (data not shown), pH-activated current (Fig. 6 )-the hallmarks of wt M2. Neither M2 A30P nor M2+V, A30P exhibited detectable ion channel activity (data not shown). Thus, taken together, the data suggest that it is the presence of the A30T change, in conjunction with the addition of the extra valine residue, that leads to the altered ion channel properties.
Ion channel activities and oligomeric structures of M2 proteins containing deletions in the TM domain. An amantadine-resistant mutant of FPV Weybridge was found to contain a deletion of four residues (residues 28 to 31) in the M2 protein TM domain (12) . We introduced this deletion into the Udorn M2 protein (M2 del2,31), and when M2 del2-31 was expressed in oocytes, an amantadine-resistant, voltage-activated inward current was observed (32) . We were interested in examining whether other deletions in the M2 protein TM domain could yield a viable M2 channel activity. Two mutants in which three or five residues were deleted from the TM domain were constructed and expressed in oocytes; these mutants were designated M2 de129-31 and de127-31, respectively (Fig. 7) .
Whereas oocytes expressing M2 del2,3, exhibited a large inward current independent of extracellular pH, oocytes expressing either M2 de129_31 or M2 de127-31 exhibited currents that were not significantly larger than those of control oocytes injected with antisense RNA (Fig. 7) . To membrane, immunochemistry for M2 was performed. As shown in Fig. 8 , a bright M2-specific plasma membrane staining was observed with M2 de129_31 and del28-31. However, oocytes expressing M2 de127_31 showed only very low levels of M2-specific plasma membrane staining, which suggests that this mutant was poorly transported to the cell surface or did not accumulate at the cell surface.
The lack of M2-specific surface fluorescent staining for M2 de127-31 could be due to a failure of the protein to oligomerize, thus preventing intracellular transport of the molecule (reviewed in reference 4). Therefore, the M2 TM domain deletion A NH2 COOH 25 43 mutant polypeptides were analyzed by SDS-PAGE under reducing (in the presence of DYF) and nonreducing (in the absence of DTT) conditions. As shown in Fig. 9A , under reducing conditions, a -14-kDa polypeptide species was observed for M2 del27-31, del28-31, and del29-31* Under nonreducing conditions, both M2 del27-31 and M2 del29-31 formed an approximately equal mixture of disulfide-linked dimers (-28 kDa) and disulfide-linked tetramers (-56 kDa) (Fig. 9A) , which is the pattern observed for wt M2 protein (15, 38 Most interestingly, M2 del8_3,, when analyzed by SDS-PAGE under nonreducing conditions, formed, in addition to disulfide-linked dimers and tetramers, two prominent additional species of -42 and 70 kDa, which are molecular masses that would be predicted for trimeric and pentameric M2 species. To examine further the oligomeric form of M2 del28_ 31 , we performed an analysis of M2-de128,3 expressed in CV-1 cells, using homobifunctional cross-linking reagents and an SV40 recombinant virus expression system. The M2 de128_31 polypeptide species found under nonreducing conditions were the same with either the oocyte or mammalian cell expression system (Fig. 9) , but cross-linking is technically simpler with mammalian cells. CV-1 cells expressing either wt M2 or M2 del28_3 were lysed, and cross-linking was performed on the whole-cell lysate by using DSP; alternatively, crosslinking was performed on intact cells expressing the M2 protein by using EGS (see Materials and Methods). As shown in Fig.  9B , when wt M2 was analyzed by SDS-PAGE under nonreducing conditions, it was found to be cross-linked predominantly to a -60-kDa species, as found previously (15) . In contrast, M2 del28,31 was found to be cross-linked to a species similar in mobility to the largest disulfide-linked species (-70 kDa). To further examine the change in form of the oligomer of M2 de128_31 compared with wt M2, DSP-cross-linked M2 de98_31
and wt M2 were subjected to sucrose velocity sedimentation.
As shown in Fig. 10 It has been suggested that the M, protein TM domain adopts an ox-helical secondary structure (6, 35, 38) . When the TM domain is modeled as an cx helix (Fig. 11) , residues 27, 30, 31, 34, 37, 38 , and 41 are found to be located on the same face of the cx helix, and specific changes at residues 27, 30, 31, and 34 lead to an ion channel that is resistant to block by amantadine (9, 12, 32, 41 but is largely resistant to amantadine block (32, 41) . Taken together, the data described in this report and those described previously indicate that changing any residue on this face of the putative ot helix of the M2 TM domain alters properties of the M2 ion channel. For the Udorn M2 protein, the changes V27A, V27S, V27T, S31N, and G34E yielded channel activities with pH activation curves that could not be distinguished from that of wt M2, and all showed a quasi-linear slope of activation to pH 5.4, the lowest pH that the oocytes could tolerate and give low currents upon return to pH 7.5. Mutations in M2 proteins A30P and W41A effectively abolished meaningful channel activity at both pH 7.5 and pH 6.2. Thus, although M2 A30P and W41A form tetramers that are expressed at the oocyte plasma membrane, the point mutations resulted in a loss of ion flux. Interestingly, one naturally occurring mutant, A30T, which exhibited a small pH activation response that was distinct from those of all the other mutants tested was found ( Fig. 3 and Table 1 ). When the A30T mutation was found in FPV Rostock, virus growth was impaired, and when the virus was passaged in the absence of amantadine, the A30T mutation readily reverted to wt (9) . Thus, these in vivo observations suggest pH activation is of great importance to the ion channel function in the influenza virus life cycle.
We observed that oocytes expressing the mutant M2 ion channels had different membrane currents. In addition to a varying pH activation response, a difference in the total cell surface currents of oocytes expressing the M2 proteins could be due to different levels of expression. As all of the point mutants tested could be readily detected at the oocyte plasma membrane, the assumption was made that the total M2 protein accumulation in oocytes, as determined by a quantitative immunoblotting, directly reflected the surface expression levels. Calculation of the specific activity of these M2 ion channel activities (microamps per nanogram of M2) indicated that in comparison with wt M2, the M2 S31N mutation had a neutral effect, whereas M2 molecules containing the changes V27A, V27S, V27T, and G34E had a 2.5-fold increase in activity over wt M2. In contrast M2 A3OT, which is only weakly pH activated, had a specific activity 2.5-fold lower than that of wt M2. The calculation of the specific activity of the M2 ion channels is a useful measurement; however, until singlechannel recordings are made, we cannot distinguish whether the channel currents vary in activity due to changes in ion flux, due to changes in the fraction of time that each individual channel spends in the open state, or due to the fraction of molecules that do not enter into an active ion channel complex.
The M2-mediated alteration in the conformational form of HA (either low-pH or native form) was used as an assay of the activities of the FPV Rostock, FPV Weybridge, and Udorn M2 proteins in mammalian cells (9, 10, 39) . The [35S]cysteine from 45 to 48 h postinfection, and lysed in Triton X-100-MNT buffer containing 50 mM iodoacetamide. Proteins were cross-linked with DSP as described in Materials and Methods, and lysates were subjected to sucrose velocity sedimentation on 5 to 15% sucrose gradients (38,000 rpm, 24 h, 20°C in an SW41 rotor). Twentyfour 0.5-mi fractions were collected from the bottom of each gradient, the indicated fractions were immunoprecipitated with M2-specific monoclonal antibody 14C2, and polypeptides were analyzed on a 17.5% polyacrylamide-4 M urea gel under nonreducing conditions. '4C-labeled molecular weight markers were used as molecular weight standards (not shown). position in the M2 ion channel and the overall molecular architecture of the M2 ion channel. For example, in both FPV Rostock and FPV Weybridge, the change S31N lowers M2 protein activity, but with Udorn M2 protein, it leads to amantadine resistance with little change in ion channel specific activity. In contrast, the change A30P in FPV Weybridge leads to a viable virus (12) , whereas the change A30P in Udorn M2 protein effectively abolishes ion channel activity. In addition, when M2 residue 27 in FPV Rostock is threonine, it leads to amantadine resistance, whereas the presence of threonine in the equivalent position in Udorn M2 protein leads to channel activity that is amantadine sensitive.
It had been shown previously that oocytes expressing the mutant M2+V, A30T, which contains an additional valine residue inserted between residues 26 and 29 and the change A30T, exhibited a voltage-activated ion channel activity that consisted of two kinetic components: one immediately upon hyperpolarization and the second increasing slowly with time. In addition, it was found that M2+V, A30T was susceptible to modification by addition of carbohydrate (32 [42, 43] , and 1A of respiratory syncytial virus [1, 29] ), the glycosylation sites are membrane proximal. We were intrigued that a naturally selected amantadineresistant mutant of FPV Weybridge contained a deletion of four residues in the TM domain. When this deletion was made in the Udorn M2 protein (M2 de128_31) and expressed in oocytes, it exhibited a voltage-activated (and pH-independent) ion channel activity (32 (39) . A simple explanation for these observations is that in mammalian cells, the natural activatifig membrane voltage is not as negative as that which we applied artificially across the oocyte membrane. To investigate further the ability of the M2 ion channel protein to tolerate deletions in this region of the TM domain, a deletion of five residues (M2 de127-31) and a deletion of three residues (M2 de129-31) were made. M2 de127_31 was not expressed at the oocyte plasma M2 TM domain exists to form the pore of the channel and deletion of three residues destroys this structure. The deletion of four residues in M2 de128-31, approximately one full helical turn, may preserve a part of the wt M2 channel structure. But more important for understanding channel structure, the data obtained concerning the oligomeric form of M2 de128-3,, by using cross-linking reagents and sucrose density gradient analysis, are consistent with M2 de128_31 forming an oligomer that is different from wt M2. The data obtained are those which would be predicted for M2 de128_31 forming a pentamer.
Understanding further the structure of these two distinct minimalistic channels should shed light on their regulation and mechanisms of ion conductance.
